I. INTRODUCTION
Since the FCC announced to allow the unlicensed use of the industrial, scientific, and medical (ISM) frequencies by any potential users, the wireless communications community has seen an enormous opportunity to drive many wireless devices that could communicate over short distances. For example, some practical applications operate at the internationally available unlicensed ISM band at 2.4 GHz like the Bluetooth or wireless local-area network (WLAN) system and at 5.2 and 5.8 GHz like the WLAN systems. Recently, it is well known that several small antenna designs suitable for practical applications have been reported [1] - [7] . In these designs, they can provide a single-band or dual-band operation for the application in the wireless communication systems. However, a multiband system is becoming necessary to provide more services for various users of personal wireless communications. It is also necessary for this kind of multiband antenna design to be available as a diversity antenna for wireless communication systems.
In this paper, we demonstrate the single-fed planar monopole antenna (see Fig. 1 ) with a shorted parasitic inverted-L wire. The antenna not only has good impedance matching for triple-band operation but also performs as a diversity triple-band antenna. For the proposed antenna shown in Fig. 1 , by placing the parasitic wire in close proximity to the driven monopole element, an additional resonant mode contributed from the parasitic wire can be excited. The parasitic wire is electromagnetically coupled and excited by the driven element, and the operating frequencies can be controlled by the driven element and parasitic wire. In this design, because the parasitic wire used is a bent shorted inverted-L wire surrounding one of the corners of the driven element closely, it is found that a smaller antenna design in volume can be obtained. Moreover, due to the use of the monopole driven element, the operating impedance bandwidth of the upper excited mode can be large enough to cover more bands for a multiband operation. In addition, by using a suitable structure of ground plane, it is found that this antenna design is suitable as a diversity triple-band antenna.
II. ANTENNA DESIGN Fig. 1 shows the geometry of the single-feed planar monopole antenna with a shorted parasitic inverted-L wire. A 50-microstrip feedline is used in this antenna design, which can provide the triple-band operation with good impedance matching. Instead of a T-shaped monopole driven element in the antenna design reported in [7] , an inverted L-shaped monopole driven element is used for reducing the antenna's size and surrounded by a shorted parasitic inverted-L wire. The driven element and the shorted parasitic wire are closely printed on an inexpensive FR4 substrate of 1.6 mm in thickness and 4.4 in relative permittivity. The 50-microstrip feedline is used to feed the monopole element, and is printed on the same substrate. On the other side of the substrate, there is a ground plane below the microstrip feedline. This ground plane is selected to be 60 2 25 mm 2 .
For design convenience, the width of the inverted L-shaped element is chosen to be the same as that of the 50-microstrip feedline.
For the antenna design shown in Fig. 1 , the bent shorted parasitic inverted-L wire has a horizontal length l1 and a vertical height h1, inverted-L wire, the resonant length of the bent shorted parasitic inverted-L wire can be reduced. The total length (l 1+ h 1 ) is found to be about two-thirds of one-quarter wavelength of the lower operating frequency.
III. EXPERIMENTAL RESULTS AND DISCUSSION
In the present design, due to the coupling between the monopole driven element and the shorted parasitic inverted-L wire, it is expected that, with a 50-microstrip feedline, the resonant frequencies associated with the two resonant modes of the planar monopole antenna can be excited. Thus, a triple-band operation with its operating frequencies having very similar planar monopole radiation characteristics becomes possible. It is found that, by varying the lengths l 1 and S and fixing the length h 1 = 8 mm in Fig. 1 , the planar monopole antenna can have two resonant mods excited for triple-band operation. The lower mode has a center resonant frequency f 1 , while the higher mode is with a center resonant frequency f2. Table I shows results of the tunable frequency ratio f2=f1 in a range of about 2.18-2.78, by varying the lengths l1 and S. Fig. 2 shows the measured and simulated return loss of the proposed antenna for the case of l 1 = 12.5 mm and S = 2 mm in Table I .
It is clearly seen that two operating bandwidths for the triple-band operation are obtained. The lower bandwidth, determined by 10-dB return loss, reaches 188 MHz and covers the 2.4-GHz WLAN band Fig. 3 . Measured and simulated radiation patterns for the proposed antenna studied in Fig. 2 at 2450, 5200, and 5800 MHz.
(2400-2484 MHz). On the other hand, the upper band has a bandwidth as large as 2843 MHz and covers other WLAN bands at 5.2 GHz (5150-5350 MHz) and 5.8 GHz (5725-5852 MHz). However, the measured data show that the operating frequencies of the two resonant modes have small frequency shiftings as compared with the simulation results obtained from the simulation software High Frequency Structure Simulator (HFSS). In fact, the size of proposed antenna is smaller than that of the simulation results. Fig. 3 shows the measured and simulated radiation patterns of the proposed design for the case of l1 = 12.5 mm and S = 2 mm at 2.4, 5.2, and 5.8 GHz. The measured and simulated radiation patterns are plotted in the azimuthal plane (x-y plane) and the elevation planes (y-z and x-z planes). In general, the simulated results from the simulation software HFSS agree with the measured data. Although the obtained radiation patterns are not as good as a conventional simple monopole antenna, those of the proposed antenna are generally monopole-like. The measured antenna peak gain for operating frequencies within the 2.4-, 5.2-, and 5.8-GHz bands is presented in Fig. 4 . It is observed that the measured antenna peak gain levels are about 2.0, 2.8, and 2.4 dBi for the 2.4-, 5.2-, and 5.8-GHz bands, respectively. The measured results indicate that small antenna gain variations are obtained for frequencies across the three operating bands. Essentially, most WLAN systems have dual diversity. Hence, based on the proposed antenna, the diversity antenna with triple-band operation was also studied. It is noted that the ground plane of this diversity antenna between the dual proposed antennas serves as a reflecting plate that could cause the radiation patterns to be decayed, which depends on the position of the ground plane. Also, it can affect the isolation and input impedance of two feeding ports of this diversity antenna. That is, a suitable structure of the ground plane for a diversity antenna design is important. 
IV. CONCLUSION
The low-profile microstrip-line-fed planar monopole antenna for operating in the 2.4-, 5.2-, and 5.8-GHz bands has been proposed and successfully implemented. In addition to the low-profile advantage, the proposed antenna is small and easy to construct. Also, it is capable of integration with the associated circuit on the same dielectric substrate, which can reduce the fabrication cost and the required volume of the whole system. According to the cases listed in Table I , the proposed antenna has two operating bandwidths with a tunable frequency ratio. When a suitable case is chosen, it can be a good antenna design for WLAN operations in the 2.4-, 5.2-, 5.8-GHz bands. In addition, based on the proposed antenna, a diversity antenna for WLAN applications has also been studied. By using a suitable structure of the ground plane, the diversity antenna for operating in the 2.4-, 5.2-, 5.8-GHz WLAN bands with similar performances as the proposed antenna could be obtained.
